Ataxin-2 is an RNA-binding protein involved in translation regulation and mutated in neurodegenerative diseases, including ALS. In this issue of Neuron, Bakthavachalu et al. (2018) demonstrate that higher-order ataxin-2 RNA/protein assemblies are necessary for both translation-dependent learning and ALS-associated neurodegeneration in Drosophila.
Many neuronal mRNA transcripts are transported along dendrites and axons and not translated until they reach their destination. Local translation is important for synapse formation, axonal growth cone guidance, and synaptic plasticity (Donlin-Asp et al., 2017; Terenzio et al., 2017) . The mRNAs are trafficked in a translationally repressed state along with their RNA-binding protein partners and are packaged together in ribonucleoprotein (RNP) granules. Recent studies have shown that many types of RNA/protein complexes, including stress granules, P bodies, nucleoli, germ granules, and neuronal RNP granules, have highly dynamic liquid-like properties (Boeynaems et al., 2018) . The sum of many weak, transient interactions among intrinsically disordered regions (IDRs) of proteins and other interactions results in the formation of a condensed liquid droplet or hydrogel. The specific protein and RNA components in each droplet tune the granule's viscosity, which likely influences its functional properties.
Condensing specific RNAs and proteins into these higher-order structures could help to catalyze reactions or sequester constituents for later use. But it is a double-edged sword since coalescing aggregation-prone RNA-binding proteins into RNP granules might propel them toward pathological aggregation trajectories and cause neurodegenerative diseases (Li et al., 2013) . It is well established now that RNAs and RNA-binding proteins can coalesce to form liquid droplets in vitro; however, there is only limited experimental evidence that the formation of higher-order structures is actually necessary for the proper function of their constituents in vivo. In this issue of Neuron, Bakthavachalu et al. (2018) present evidence that the formation of neuronal RNP granules is necessary for long-term memory in Drosophila and in facilitating neurodegeneration caused by aggregation-prone RNA-binding proteins ( Figure 1A) . Bakthavachalu et al. (2018) focused on ataxin-2, an RNA-binding protein constituent of many neuronal RNP granules, which regulates translation and RNP granule formation. They first asked which parts of ataxin-2 are required for RNP granule formation. ataxin-2 harbors two IDRs, a middle IDR (mIDR), which includes polyglutamine domains and a prion-like domain, and a C-terminal IDR (cIDR). When Bakthavachalu et al. (2018) overexpressed full-length ataxin-2 in cultured Drosophila S2 cells, it formed puncta that contained mRNA and many stress granule markers. Deleting the cIDR reduced puncta formation, and deletion of both IDRs completely abolished granule formation. Whereas fulllength ataxin-2 granules had a low rate of internal rearrangement (measured by fluorescence recovery after photobleaching [FRAP] ), deleting the cIDR increased the exchange rate. In line with these results, purified recombinant cIDR rapidly underwent liquid-liquid phase separation in vitro, and the mIDR readily phase separated in the presence of RNA. These data demonstrate that the cIDR and, to a lesser extent, the mIDR are involved in ataxin-2's ability to form granules and in tuning their biophysical properties. Bakthavachalu et al. (2018) next examined the effects of ataxin-2 manipulations in living flies. Complete loss of ataxin-2 is embryonic lethal in Drosophila. Bakthavachalu et al. (2018) built a series of transgenes that let them test which parts of Ataxin-2 are important for its functions in vivo. Restoring full-length ataxin-2 rescued the lethality whereas versions of ataxin-2 lacking other domains did not. Intriguingly, Bakthavachalu et al. (2018) found that deletion of either of the IDRs did not result in lethality, providing an opportunity to test the functions of these domains in adult flies. To investigate the effects of ataxin-2 knockout in adult neurons, they created clusters of mutant cells lacking ataxin-2 and found that mutant olfactory projection neurons (PNs) had greatly reduced numbers of cytoplasmic RNP granules. Expression of full-length ataxin-2 rescued this phenotype; however, expression of ataxin-2 lacking either IDR was greatly impaired in its ability to rescue RNP granule formation. Thus, Bakthavachalu et al. (2018) , through clever use of in vivo rescue experiments, were able to discover an essential function for the ataxin-2 IDRs in RNP granule formation in adult neurons.
Knockout of ataxin-2 in PNs in Drosophila causes defects in dendrite pathfinding and in olfactory learning (McCann et al., 2011) , providing an opportunity for Bakthavachalu et al. (2018) to test which of these phenotypes, if any, depend on ataxin-2's ability to form RNP granules. Interestingly, expression of ataxin-2 lacking either IDR was able to rescue PN dendrite arborization onto glomeruli in the fly antennal lobe despite defects in RNP granule formation. To assay olfactory learning in the flies, Bakthavachalu et al. (2018) used a two-chamber apparatus and exposed one chamber to an innocuous odor. The naive flies naturally avoided this chamber but eventually habituated to the odor and occupied both chambers. Loss of ataxin-2 in olfactory PNs caused defects in longterm habituation, which is translation dependent, but not short-term habituation, which does not depend on translation. ataxin-2 with deletions of either IDR was unable to rescue the defect in long-term habituation. Therefore, ataxin-2's IDRs are not required for dendrite pathfinding but are required for ataxin-2's role in learning.
These results suggest that some functions of ataxin-2 are dependent on proper RNP granule formation, while other functions are not. In both dendrite pathfinding and long-term habituation, ataxin-2 represses expression of mRNA targets until they reach the correct location and the appropriate time. The primary difference between these two types of local translation is the cue. The data suggest that RNP granules are required for ataxin-2's mRNA targets to be released for local translation in response to synaptic activity in olfactory long-term habituation. Perhaps granule formation is necessary to recruit the molecular sensor(s) of synaptic activity. However, the developmental molecular cues that control local translation for dendrite growth do not seem to require properly formed RNP granules. Certainly, there is more work to be done to fully uncover the specific roles RNP granules and ataxin-2 play in local translation.
Beyond its fundamental roles in neuronal cell biology, the functions of ataxin-2 are particularly interesting because polyglutamine (polyQ) repeat expansions in the human homolog (ATXN2) can cause neurodegenerative disease. If the polyQ repeats are long, it causes spinocerebellar ataxia type 2 (SCA2), and if they are intermediate length, it increases the risk for amyotrophic lateral sclerosis (ALS) (Elden et al., 2010) . In ALS, motor neurons die, leading to progressive paralysis and death. Most patients with ALS have aggregates of the RNA-binding protein TDP-43 in dying populations of neurons. ALS researchers hypothesize that the solid, insoluble protein aggregates found in patient neurons are nucleated within RNP granules. RNP granules concentrate RNA and RNA-binding proteins like TDP-43. RNP granules are usually readily disassembled, but aberrant interactions can occur between protein constituents, leading to irreversible protein aggregation. In this way, RNP granules are crucibles-tiny liquid-like containers where RNA-binding proteins go and are modified in a way that sends them toward pathological aggregation (Li et al., 2013) .
In a mouse model of ALS associated with TDP-43 accumulation, lowering levels of ataxin-2 improves lifespan and motor symptoms and decreases TDP-43 aggregation (Becker et al., 2017) . Ataxin-2 seems to act like a linchpin in RNP granule formation, and inhibiting this function could provide an opportunity to suppress aggregation of RNA-binding proteins in neurodegeneration. And, could the different polyQ lengths in ataxin-2 tune the biophysical properties of RNP granules in ways that cause different diseases (e.g., cerebellar ataxia versus ALS; Figure 1B) ? Bakthavachalu et al. (2018) were in a unique position to test some aspects of this hypothesis because they now had a way to generate flies with impaired neuronal RNP granule formation but with ataxin-2's other functions intact. Instead of TDP-43, they focused on two other contributors to ALS. ALS patients with mutations in the C9ORF72 or FUS genes harbor aggregates of polymers of dipeptide repeat proteins (for example, poly(GR)) or mutant FUS, respectively. They found that both poly(GR) and FUS colocalize with ataxin-2 granules in S2 cells. Expression of poly(GR) or FUS in flies caused neurodegeneration in the presence of full-length ataxin-2, but strikingly, deletion of ataxin-2's mIDR partially rescued this phenotype and deletion of cIDR robustly rescued the phenotype. These data suggest that RNP granule formation, which is dependent on ataxin-2's IDRs, promotes FUS and poly(GR) toxicity, likely by increasing the opportunity for these aggregation-prone proteins to form aberrant interactions. However, additional studies are needed to show that FUS and poly(GR) toxicity is caused by aggregation and that these aggregates are nucleated within RNP granules.
Ataxin-2 is an essential protein in Drosophila, but complete knockout of ataxin-2 only produces a mild phenotype in mice (Kiehl et al., 2006) . This is likely due to redundancy with a close homolog in mammals, Ataxin-2-like. Data from Bakthavachalu et al. (2018) now suggest that manipulating RNP granule formation by decreasing ataxin-2 levels, by genetically manipulating ataxin-2's IDRs, or by other means could be therapeutic in ALS. Beyond ataxin-2, the race is now on to discover additional proteins that help build RNP granules (Markmiller In this issue of Neuron, Zhang et al. (2018) report a powerful new method for probing subcellular microdomain-specific signaling in cellular function. Through a microdomain-targeting approach, they delineate how Ras-family GTPases balance signaling diversity with specificity required for various forms of hippocampal synaptic plasticity.
Cells seek out efficiency wherever they can find it; this is particularly evident in the design of signaling pathways within cells. One method for improving efficiency is to reuse signaling molecules across a broad range of cascades, expanding the range of possible outputs. However, this strategy could result in the loss of signaling specificity as incoming signals converge on the same intermediary ''hub'' involved in multiple signaling pathways. In this issue of Neuron, Zhang et al. (2018) developed a targeted delivery method that permits specific expression of multiple forms of Ras-family small GTPases in different subcellular microdomains. Using this powerful approach, they have defined detailed mechanisms by which the highly homologous Rasfamily proteins regulate various forms of synaptic plasticity (Figure 1) . In doing so, this study has significantly advanced our understanding of the long-standing cell biology question ''how does a cell ensure that its signaling molecules achieve both signal diversity and specificity?'' Synaptic plasticity is characterized as a capacity or an ability of a synapse to readily change its transmission efficacy in response to environmental demands and is considered the basis of information storage in the brain (Collingridge et al., 2004; Malenka and Nicoll, 1999) . The best-studied examples of synaptic plasticity are long-term potentiation (LTP; Figure 1A ) and long-term depression (LTD; Figure 1E ) at the glutamatergic synapses of the CA1 region of the hippocampus. In addition, LTD can also be induced following the establishment of LTP, in which case it is called depotentiation ( Figure 1C ) (Collingridge et al., 2010) . At the molecular level, LTP is expressed as increased postsynaptic AMPA receptors (AMPARs) due to a facilitation of GluA1-dependent AMPAR insertion, whereas the expression of both LTD and depotentiation are mediated by decreased
